The widespread occurrence of a cytochrome system in mammalian tissues and bacteria suggests that this may also be a general mechanism for terminal oxidation in other organisms. Boulter and Derbyshire (1957) 
1958; Sussman and Markert, 1953;  White and Ledingham, 1960) of characteristic cytochrome oxidase activity in various fungi. Recently, Kikuchi and Barron (1959) and Niederpruem and Hackett (1961) showed that Fusarium lini and Schizophyllum commune contained various components of the electron-transport system.
Our experiments were designed to determine whether fungi contained components of the electron-transport system described for mammalian tissues. Optimal conditions for the growth of the fungi in relation to the isolation of the electron-transport system components were studied.
MATERIALS AND METHODS Culture techniques. Cultures of the fungi used in these investigations were from a collection in the Department of Plant Pathology at the University of Illinois and were maintained on Potato Dextrose (Difco) or glucose-yeast extract (glucose, 10 g; yeast extract, 2 g; agar, 20 g; and water to 1 liter) agar slants. Test cultures were transferred every 3 weeks and held at 26 C. A liquid medium (glucose, 1.0%; and yeast extract, 0.2%; in distilled water) was employed for the production of mycelium throughout the study.
Mycelia of all fungi were in approximately the same growth stage at the time of use. Cultures were grown on agar slants for 7 to 12 days as the primary inoculum. About 5 ml of liquid medium were aseptically poured into the tube, and the culture was scraped off to form a thick suspension. The suspension was poured into a 500-ml Erlenmeyer flask containing 100 ml of the liquid medium. After 48 hr on a reciprocal shaker (92 cycles per min) at 26 C to give a large amount of inoculum, the contents of the flask were homogenized for 20 sec in a sterilized metal "micro" Waring Blendor. Other flasks were inoculated with 2.5 ml of the homogenate and allowed to grow for 48 hr. At least two 48-hr (Gornall, Bardawill, and David, 1949 Kornberg, 1948) were used to calculate enzymatic recooled materials. A weighed quantity of activity. The optimal pH values for assay of m was ground in a mortar and pestle NADH cytochrome c reductase and NADH d-washed sand, using a ratio of mycelium, oxidase activity were 8.0 and 7.1, respectively d, 2 g; and buffer (0.05 M tris, pH 7.0, in ( Fig. 1 and 2 ). Conventional manometric techicrose), 4 ml. Normally, 5 g of mycelium niques (Umbreit, Burris, and Stauffer, 1957) Kornberg and Horecker (1955) ; triose phosphate dehydrogenase, Krebs (1955) ; isocitric dehydrogenase, Kornberg (1955) ; a-ketoglutaric dehydrogenase, Kaufman (1955) ; glutamic dehydrogenase, Strecker (1955) ; and malic dehydrogenase, Ochoa (1955 Presence of the electron-transport system. NADH ay system contained potassium phosphate cytochrome c reductase activity and NADH )), 100 Mmoles; magnesium chloride, 0.5 oxidase activity were demonstrated in cell-free coenzyme A, 0.04 ,umoles; NAD+, 1.0 extracts of ten fungi representing basidiomycetes, glutathione, 4.0 ,umoles; thiamine pyro-ascomycetes, phycomycetes, and imperfect fungi Lte, 0.1 ,umole; sodium pyruvate, 5.0 (Table 1) . Antimycin A, which inhibits the antimycin A, 7.5 X 10-6 uAmoles; extract; transfer of electrons from cytochrome b or coter to 1.0 ml. Succinic dehydrogenase was enzyme Q to cytochrome c (Keilin and (Table 5) .
Effect of pH of extraction buffer. NADH oxidase activity was greatest when Mll. fructicola was extracted using buffer at pH 7.0 (Fig. 4) . The specific activity was 56% higher at pH 7.0 than (Kikuchi and Barron, 1959; Lieberman, 1960; Niederpruem and Hackett, 1961) . With most of the fungi used, NADH was oxidized quite readily without additional exogenous cytochrome c. Exceptions were M.fructicolaand G. cingulata, in which the NADH oxidase activities were increased more than 100% by the addition of 0.04 mg/ml of mammalian cytochrome c. Per cent stimulation by added cytochrome c was greatest in the particles (Table 7) .
DIsCUSSION
A possible sequence of the path of electron transport, based on the proposal by Green and Lester (1959) , is shown in Fig. 5 . The sites of action of antimycin A and azide are indicated. The reduction of exogenous cytochrome c by fungal extracts in these studies, using NADH or succinate as substrate, suggests the passage of electrons from NADH or succinate to cytochrome c. Based on results obtained by previous workers (Keilin and Hartree, 1955; Ramachandran and Gottlieb, 1961; Lester and Fleischer, 1961) , the inhibition of this activity by antimycin A indicates the presence of an electron-transport site between cytochrome b or coenzyme Q and cytochrome cl. A NADH oxidase system was demonstrated in cell-free extracts of ten fungi. Since sodium azide inhibited this oxidation, the fungal extracts apparently contained cytochrome oxidase.
The observation that fungal extracts were able to reduce NAD+ using various substrates as the hydrogen donor, plus the detection of a NADH oxidase system, suggested that these extracts would be capable of oxidizing the substrates using molecular oxygen as a terminal electron acceptor. Since a succinate cytochrome c reductase was also shown to be present in the extracts, it remained only to show that oxygen could serve as the terminal electron acceptor for succinate oxidation. Extracts of the two organisms tested, S. commune and P. nites, were able to couple the oxidation of succinate with molecular oxvgen. In addition, it was shown that oxygen uptake occurred when either isocitrate or NADH was used as substrate, thus confirming the above hypothesis. The extracts were not able to oxidize a-ketoglutarate; however, this was to be expected because of our inability to detect an a-ketoglutaric dehydrogenase system. The presence of the dehydrogenase enzymes, the NADH cytochrome c and succinic cytochrome c reductase systems, and a cytochrome oxidase then point to an electron-transport system in fungi similar to the systems observed in manimalian tissues (Green and Lester, 1959) and bacteria (Dolin, 1961) . The fungi readily utilize glucose as a carbon source; nevertheless, none of our cell-free extracts could oxidize this substrate via the electron-transport system. Dehydrogenases are necessary for this process; therefore, one clue to the inability of the cell-free preparations to oxidize glucose could be the absence of pyruvic and a-ketoglutaric dehydrogenases in our extracts. Both dehydrogenases are needed for the metabolic functions in which oxygen is utilized, and neither of these systems could be detected. There have been other reports of difficulty encountered in extracting these enzymes from fungi (Godzeski and Stone, 1955; Green, 1959) ; however, Wessels (1959) has demonstrated the oxidation of both substrates by extracts of S.
commune.
The presence of soluble dehydrogenases in cellfree extracts of the fungi studied can probably be explained by the disruption of mitochondria during the preparative process. According to Green and Crane (1957) , the intact mitochondrion contains the complete electron-transport system in particles and soluble enzymes enclosed in a membranous envelope. Therefore, disruption of the mitochondria results in the release of both particles and soluble enzymes, which can be separated by centrifugation. Further evidence that the crude extracts used in these experiments contained submitochondrial particles is their ability to oxidize exogenous NADH. Whole mitochondria reportedly (Green and Crane, 1957; Ziegler and Linnane, 1958) cannot carry out this oxidation.
Glutamic dehydrogenase was shown to remain NADP+-specific in G. cingulata and S. commune even after 72 hr of growth. This is in contrast to the observations of Sanwal (1961) and Sanwal and Lata (1961) , who observed a change from NADP+-specific (24 to 48 hr) to NAD+-specific (72 hr) glutamic dehydrogenase in Fusaria and Neurospora sp.
The soluble and particulate forms of malic dehydrogenase noted in this study are not peculiar to fungi, since both types have also been isolated from beef heart (Grimm and Doherty, 1961) .
Apparently, most of the terminal electrontransport activity in fungi is contained in the particulate fraction, since sedimentation at 40,000 X g leaves only slight activity in the supernatant fraction. The large loss of activity upon sedimentation is not recovered upon recombination of the pellet and supernatant. This observation remains unexplained. The marked stimulation of NADH oxidation by the addition of mammalian cytochrome c is difficult to explain, but this effect has been found by other workers (Kikuchi and Barron, 1959; Lieberman, 1960; Niederpruem and Hackett, 1961) . One possible explanation is the existence of a second pathway for the oxidation of NADH through an alternate pathway. This necessitates the reoxidation of cytochrome c, which could be accomplished by known enzymes such as cytochrome oxidase or cytochrome peroxidase.
Another explanation is based on the disruption of mitochondria from animal cells. Green (1959) 
